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INTRODUCTION 
The observation that the degree of  relative  humidity has a significant  influ- 
ence  on the survival  of  air-borne  influenza  A virus  was first  made by  Loosli  and 
associates  in  1943 (I).  They found that  the  duration of  infectivity  of  this  virus 
for white mice was greatest at a low humidity; e.g. 23 per cent, and much less 
at higher humidities.  Further light on the influence of varying degrees of rela- 
tive humidity  on air-borne pathogens was provided by the work of Dunklin and 
Puck (2) who found that the death rate of pneumococci, hemolytic  streptococci, 
and staphylococci atomized into the air of an experimental chamber,  was ex- 
ceedingly rapid at the middle humidities (45 to 55 per cent) and very much 
slower under conditions of both low and high relative humidities.: 
The general pattern of these observations  was confirmed in the course  of 
studies on the virucidal action of triethylene glycol for influenza A virus at 
various relative humidities.  However,  the early experiments  revealed  little 
evidence of the deleterious influence of intermediate humidities (40 to 60 per 
cent)  on the infectivity of the air-borne  virus  (Loosli and Robertson  (3)); 
whereas, more recent ones showed this effect in a regular and definite manner. 
It was apparent that some factor had been modified unwittingly  and an attempt 
was made to determine the explanation of this difference. 
The present investigation consists of a study of the effect of varying per cent 
relative humidities on the infectivity  of air-borne influenza A virus as shown by 
the ability of this Virus to produce death or lesions in white mice, under condi- 
tions in which the potency of the virus suspension, the dose of the virus, and the 
physical environment could be carefully controlled. 
Materials and Methods 
M/ce.--Young white mice weighing 8 to 12 gin. were used in all experiments.  These mice 
were of the Swiss strain and were obtained from Mr. Stanley C. Miller of Germantown, New 
York.  They have been shown to be free from spontaneous pneumonitis. 
* Aided by special grants from the Research Corporation and the United States Public 
Health Service. 
x Dunklin and Puck have summarized earlier work on the effect of relative humidity on 
the survival of air-borne pathogens. 
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Virus.--Influenm A  virus of the PR8 strain was used in all experiments and had been 
kindly supplied to this laboratory by Dr. Thomas Francis, Jr., and Dr.  Frank Horsfall, Jr. 
It has been maintained through mouse to mouse passage by the air-borne route, for 97 suc- 
cessive transfers, and was the same strain of influenza virus as had been used in earlier studies 
reported from this laboratory by Loosli, Robertson, and Puck (4) in 1943. 
The virus suspension was prepared in the manner previously described by Loosli (4) which 
briefly is as follows :- 
Ten gin. white mice, placed in cages with small compartments, were exposed for half an 
hour to an atmosphere into which had been atomized 4 cc. of a  10  -1 dilution of lung-virus sus- 
pension.  These mice then were killed 72 hours later, their lungs were removed aseptically, 
weighed, and ground thoroughly in a  sterile mortar with sterile ahindum.  A  quantity of 
sterile 20 per cent horse serum in heart infusion broth  s equivalent to four times the weight 
of the lungs was used in the grinding process.  This made a  20 per cent dilution by weight. 
The resulting suspension was centrifuged for 15 minutes at about 3200 R.P.•.  The super- 
natant fluid was removed and to it an equal quantity of  10 per cent horse serum in heart 
infusion broth was added which made a  dilution of 10  -1 of the infected lung tissue.  This 
virus suspension was then distributed in sterile Wassermann tubes in 2.5 cc. amounts, frozen 
quickly in a solid CO,-alcohol mixture, and stored at a  temperature of -55 to --60°C. 
With sterile technique employed throughout t.he preparation of the virus suspension, bac- 
terial contamination was seldom encountered.  Only sterile preparations were used  in the 
experiments to be reported. 
The potency of the standard 10  -Z virus suspension was determined by making serial ten- 
fold dilutions up through 10  ~  with the two pipette technique described by Loosli, Robert.son, 
and Puck (4).  Etherized 10 gm. mice were given 0.05 cc. of the 10  -~ diluted suspension intra- 
nasally and the virus suspension was considered adequately potent if all mice given this dose 
died of influenza within 14 days.  It was found that the potency declined very slightly, if at 
all, during 60 days storage in the deep freeze.  All experiments of the humidity series (Results) 
were carried out with a single large batch of virus. 
Methods of Exposure to Air-Borne Influenza  Virus 
The mice were placed in groups of ten in wire mesh cages which were divided into small 
compartments in such a manner that each mouse was kept separate from its neighbor.  With- 
out this precaution the animals would tend to crowd together into a  dense mass which often 
resulted in injury and prevented equal exposure to the infecting agent. 
Exposure to the virus was carried out in a  640 cubic foot experimental room, previously 
described (5), which permitted precise control of both the relative humidity and the tempera- 
ture.  The humidity, measured by use of wet and dry bulb thermometers, could be main- 
tained within 1 per cent of the desired level for the duration of any given experiment.  In this 
series of experiments the temperature was kept within 72-75°F.  The cages were inserted 
through an air-tight, gasket-sealed door and placed on a  wire shelf fixed to the wall about 
3 feet above the floor.  No significant alteration of the internal environment resulted from 
this procedure. 
Immediately before the beginning of an  experiment two  tubes of the frozen  virus-lung 
suspension were quickly thawed under cold tap water and 4.5 cc.  of the material pipetted 
into a  large Graeser atomizer (6)  which was used in all of the experiments.  This atomizer 
2 Composition of heart infusion broth: Difco heart infusion broth--constituents per liter. 
Beef heart infusion  500 gm. 
Bacto-tryptose  10 gin. 
Sodium chloride  5 gin. WILLIAM  LESTER~  JR.  363 
had been calibrated previously with a modified Cascade impactor by the technique described 
by Sonkin  (7) and was found to deliver a  cloud of  1.5  /~ mmd.  s  Since the conditions of 
atomization were kept constant throughout, the particle size distribution of the cloud issuing 
from  the atomizer was  essentially the same  in all experiments.  The  1  minute period of 
atomization regularly employed resulted in the dispersion of between 0.82 and 0.85 gm. of 
virus suspension as shown in Table II.  By varying the duration of the spraying, the amount 
of suspension discharged into the chamber could be increased or decreased as desired.  The 
atomizer was placed directly above the constant speed fan in the center of the chamber which 
pointed toward  the ceiling and rotated at a  speed of  500 R.P.M.  This ensured adequate 
distribution of the virus throughout the air of the enclosed space.  The mice were exposed 
to the virus for a  period of 15 minutes at successive time intervals indicated in the protocol 
of the experiment shown in Table I. 
TABLE I 
Protocol of Experiment Showing Schedule of Exposure of Mice to Minimal 
Lethal Dosage of Air-Borne Influenza A  Virus 
Cage 
A 
B 
C 
D 
Total ...... 
Time 
¢si~. 
0-15 
6-21 
11-26 
16-31 
Duration of 
exposure 
15 
15 
15 
15 
Number of mice 
exposed 
10 
10 
10 
10 
40 
Fa~Ufi~ 
Number  Per cent 
10  100 
10  100 
10  100 
10  100 
40  100. 
Experiment 79: 
Atomizer A-99  mmd.  =  1.5 micra. 
RH  =  23 per cent. 
Virus sprayed  1 minute at 400 mm. Hg. 
Fan  =  500 R.P.M. 
Temperature  =  74  ° F. 
Weight of virus suspension delivered  = 
0.85 gin. 
Autopsies were performed within 12 hours after death and the lesions found were recorded. 
All surviving mice were sacrificed 14 days after exposure and examined for pulmonary lesions. 
Deaths not clearly attributable to influenza virus were uncommon and in the particular series 
reported no deaths occurred  in which the typical pulmonary lesions of influenza were not 
present. 
RESULTS 
Effect of Different Humidities on the Infectivity of Air-Borne In~uema A  Virus 
Preliminary experiments to determine the minimum lethal dosage of virus 
were carried out at low relative humidity, e.g. 20 to 25 per cent, since numerous 
previous observations indicated that influenza virus dispersed into dry air sur- 
s Mass median diameter equals that diameter which represents the median value of the 
particle size distribution of the cloud, i.e., 50 per cent of the mass of the particles is below 
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vived longer than it did in a moist atmosphere.  It was found that quantities of 
virus suspension as small as 0.80 to 0.85 gm. reguarly produced death of all the 
exposed mice.  A typical experiment is shown in Table I. 
A series of experiments employing a dosage of 0.82 to 0.85 gm. of virus suspen- 
sion was then carried out at different relative humidities.  The results are sum- 
marized in Table II and Fig. 1 and show that an amount of atomized suspension 
which produced a 100 per cent mortality at 20 and 30 per cent relative humidity, 
caused death in only 22½ per cent of the mice exposed at humidities from 45 to 
50 per cent.  As the humidity was further raised this same amount of virus 
became increasingly infective until at a humidity of 80 per cent all the exposed 
mice died. 
TABLE II 
Infectivity of Air-Borne InJ~enza Virus at Various Relative Humidities 
Relative 
humidity 
per c¢'n$ 
23 
30 
40 
45 
5O 
55 
60 
65 
70 
8O 
Weight 
of virus 
aspension 
Ltomized 
gm. 
0.845 
0,828 
0,827 
0.854 
0.833 
0.840 
0.835 
0.839 
0.831 
0.850 
Number 
of mice in 
experiment 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
Fatalities 
Number  P 
4O 
9 
9 
9 
9 
17 
30 
cent  Number 
0 
0 
5  2 
2.5  31 
2.5  31 
2.5  31 
2.5  31 
2.5  1~ 
5 
10 
Survivors 
Number 
having  Per cent  pulmonary 
lesions 
5  2 
77.5  12 
77.5  8 
77.5  9 
77.5  20 
57.5  21 
25  10 
Per c~nt 
having 
lesions 
100 
38.7 
25.8 
29.0 
64.5 
91.3 
100 
The presence or absence of lesions among the surviving mice revealed more 
clearly the point of minimum infectivity which was found to be 50 per cent rela- 
tive humidity (Table II and Fig. 1).  Of the 40 mice exposed at this humidity, 
only 9 died, and, of the 31 survivors, only 8 exhibited lesions.  At humidities 
just above and below this level the percentage of surviving mice with pulmonary 
lesions was greater although the mortality was the same as that occurring at 50 
per cent relative humidity. 
Effect  of Increasing  Dosage  of  Virus at a  Relative  Humidity  of 50  Per Cent 
A  series of experiments in which the virus suspension was atomized in in- 
creasing amounts from 0.85  gin.  to 2.91  gin. was performed at a  humidity of 
50 per cent in an attempt to secure a  100 per cent mortality.  The results, 
shown in Table III, reveal that when 0.85 gin. of the suspension was atomized WILLIAM LESTER~ JR.  365 
the mortality rate was 22.5 per cent and when the amount was increased to 2.91 
gm. the mortality rate rose to only 52.5  per cent.  In these experiments the 
increase in amount of virus dispersed was secured by lengthening the duration 
of atomization.  However, the loss of infectivity of the air-borne virus at this 
humidity was so rapid that it became impractical to atomize for a period of time 
I00  100 
m~ 
9O 
8O 
70 
6O 
50 
bO 
9O 
80 
7O 
6O 
5o 
ho 
30  3O 
2O  20 
10  10 
20  30  40  50  60  70 
P~ CBT REI~TI~ H~IDITY 
I  Deaths  _~  Lesic~m  ~  No Lesions 
FIG. 1. Effect of relative humidity on the infectivity of air-borne influenza A virus. 
greater than 4½ minutes  because under  those  conditions  the  loss of activity 
approximates the rate at which the virus could be atomized into the air. 
Absence of Demonstrable Influence of Humidity on Dialyzed Virus Suspension 
Once  the  pattern  of the  influence  of relative  humidity  was  established  it 
became of interest to attempt to modify or eliminate it.  Direct analogy from 
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the work of Dunklin and Puck  (2) on bacteria, suggested the possible impor- 
tance of lowering the salt concentration in the atomized droplets of the virus 
suspension.  This  was  accomplished  by  dialyzing the  virus-lung  suspension 
against distilled water at 4°C. for 18 hours and restoring it to the original volume 
by partially drying the dialyzed material in the air current of a  fan.  The re- 
sultant  suspension  then  was  atomized  into  the  experimental  chamber  at  a 
humidity of 50 per cent in the dosages shown in Table IV.  In both experiments 
TABLE III 
Effect of Atomization o/Varying Amounts of Virus Suspension at 50 per cent 
Relative Humidity 
Weight 
of virus 
suspension 
atomized 
g~. 
0.M 
1.229 
2.177 
2.910 
1ration 
~tomiza- 
tion 
nlirl. 
rain., 
30 sec, 
rain. 
1Tlin. ~ 
30 see 
Number 
Of mice 
40 
4O 
Fatalities 
Number 
9 
10 
17 
21 
cent  Number 
.5  31 
30 
:.5  23 
:.5  19 
Survivors 
Number 
having  'er cent  pulmonary 
lesions 
77.5  12 
75  20 
57.5  20 
47.5  18 
Per cent 
having 
lesions 
38.7 
66.6 
86.9 
94.7 
TABLE IV 
Infectivity of A &-Borne Dialyzed Virus Suspension 
Relative humidity 
~er cent 
50 
50 
Weight  atomized 
gm, 
1.30 
0.77 
Number of mice 
40 
40 
Number 
40 
40 
Mortality 
Per cent 
100 
100 
a  100 per cent mortality was secured in mice exposed at this humidity indicating 
that the infectivity of atomized virus suspensions with a reduced concentration 
of salt and other dialyzable materials was not diminished at a  humidity of 50 
per cenL 
DISCUSSION 
The work of Dunklin and Puck (2) in 1948 demonstrated that certain humidi- 
ties were lethal to atomized broth cultures of Pneumococcus Type I, Streptococ- 
cus hemolyticus  Group  C, and Staphylococcus  albus.  There was some species 
variation among the organisms tested but, in general, they found that humidi- 
ties of 40 to 65 per cent were most unfavorable to all three microorganisms and WILLIAM LESTER~ JR.  367 
that survival was prolonged at humidities below 40 per cent or above 70 per 
cent.  Broth suspensions of influenza A virus showed the same general response 
when atomized into the experimental chamber at differing relative humidities. 
The infectivity of the atomized virus suspension  decreased  markedly as the 
humidity  was raised from 30 to 50 per cent and then gradually increased as the 
humidity was further elevated to 70 per cent and at 80 per cent again was 
maximum. 
Even more interesting was the observation that diminishing the salt concen- 
tration of the virus-lung  suspension  by dialysis,  eliminated the  deleterious 
influence of humidity in the range of 50 per cent on the infectivity of the 
atomized virus. 
As was mentioned previously, early experiments showed little evidence of the 
deleterious influence of the intermediate humidities (40 to 60 per cent) on the 
infectivity of air-borne  influenza A virus whereas the data cited in this paper 
demonstrated  this  effect  in  a  pronounced  manner.  The  finding  that  the 
dialyzed virus suspension did not show  the  influence of humidity led  to  a 
possible  explanation of this discrepancy.  Examination of the experimental 
protocols revealed that the virus suspensions used in the earlier experiments by 
Loosli and Robertson (3) were diluted with heart infusion broth prepared in the 
laboratory and containing no added sodium chloride.  The suspensions used 
in the present series were diluted with Difco heart infusion broth, which con- 
tained a minimum of 5  gm. of sodium chloride per liter.  This observation 
would indicate that the concentration of sodium chloride in the virus suspension 
may be a critical factor in determining the infectivity of influenza virus by the 
air-borne route.  The elucidation of the precise mechanism of this phenomenon 
must await further study. 
The epidemiologic implications  of these observations  on influenza A virus, 
as well as those of Dunklin and Puck on bacteria, may well be important.  It 
seems likely that, in most environments, greater numbers of the infective agents 
dispersed  from the respiratory tract are  destroyed than survive  and many 
factors undoubtedly play a r61e in this process.  The results of this study sug- 
gest that the relative humidity may constitute one of the important factors in ' 
determining the survival of respiratory pathogens issuing from an infected host. 
SUMMARY 
White mice were exposed to atmospheres containing known amounts of 
atomized influenza  A virus  (PR8 strain)  of constant potency under conditions 
of  varying  humidity.  It  was found that  an amount of  atomized  virus  suspen- 
sion  which  produced  a I00  per  cent  mortality  rate  in  animals  exposed  at  30  and 
80  per  cent  relative  humidity, respectively,  resulted  in  the  death  of  0nly  22.5  per 
cent  of  mice  at  a  humidity  of  50  per  cent.  The  humidities  between  these  values 
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The infectivity of the air-borne virus decreased so rapidly at a humidity of 
50 per cent that it was impossible to secure a 100 per cent mortality rate in the 
exposed mice even by greatly increasing the dose of virus atomized. 
The use of a dialyzed virus suspension at a humidity of 50 per cent resulted 
in the death of all exposed mice.  This suggested that the deleterious influence 
of humidity was related to the presence of sodium chloride in the atomized 
suspension. 
These  findings  with  influenza  virus  closely resembled  those  obtained  by 
Dunklin and Puck with pneumococci, streptococci, and staphylococci which 
would suggest that the factor responsible for the lethal effect of humidity is 
common to moist particles containing either the above-mentioned bacteria or 
influenza A virus. 
The author wishes to express his appreciation to Merle H. Ritter and Mabel Smith for 
their technical assistance in carrying out the experiments. 
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